Introduction
Grazing lands (pastures and rangelands) comprise almost 236 million ha in the United States and provide an extensive suite of ecosystem goods and services for society, including food and fiber, soil and water resource protection, and biodiversity conservation (Havstad et al., 2007) . Increasing weather and climate variability (e.g., greater frequency of deluges and droughts), a growing human population with greater demand for animal protein, and directional changes in atmospheric carbon dioxide (CO 2 ) concentration and global temperatures challenge the ability of grazing lands to deliver these desired ecosystem goods and services. Maintenance of soil health at minimum, as well as improvement where there is potential, is the underpinning upon which many ecosystem goods and services depend and is foundational for the sustainability and resiliency of grazing lands. Physical, chemical, and biological components (Table 1) 
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Rangeland Ecology & Management j o u r n a l h o m e p a g e : h t t p : / / w w w . e l s e v i e r . c o m / l o c a t e / r a m a function as a vital living system to sustain biological functions, maintain environmental quality, and promote plant and animal health and productivity (Doran and Zeiss, 2000) . Benefits of soil health are manifest through enhanced soil water holding capacity, improved nutrient cycling, and greater system resilience to weather and climate variability (Doran, 2002) . Furthermore, soil health and sustainability are inextricably linked (Doran, 2002; Doran and Zeiss, 2000; Lehman et al., 2016; Scoones, 2016) .
In the mid-20th century, far-reaching social-ecological disasters drove the development of soil conservation policies in the United States. Westward expansion of cropping in the early 1900s ultimately led to disastrous consequences during the drought years of the "Dirty Thirties." Subsequent policies to rehabilitate these lands for sustainable agricultural production included formation of the Soil Conservation Service (synonym Natural Resources Conservation Service [NRCS] ). Repeated soil erosion from the 1950s drought led to the Soil Bank programs, and in the middle 1980s the Conservation Reserve Program was introduced to protect soil and water resources. More recently, there has been a resurgence in local to national public interest in soil health for grazing lands management (e.g., South Dakota Soil Health Coalition http://www.sdsoilhealthcoalition.org; Soil Health Institute, www.soilhealthinstitute.org; USDA NRCS Soil Health Division). It is important to note that, unlike previous campaigns of the past century, contemporary focus on soil health has not stemmed from broad-scale natural resource degradation but rather from connections among soil biology, productivity, sustainability, and resilience, especially for croplands (e.g., Trivedi et al., 2016) .
The four principles of soil health-1) increase plant diversity, 2) reduce soil disturbance, 3) extend period of active plant growth, and 4) maintain soil cover-and the associated linkage of soil ecological processes to management all have roots in cropland management and, therefore, will challenge grazing lands professionals to assess the applicability of these principles to their natural resource concerns. Increasing plant diversity often results in increased aboveground biomass and biogeochemical cycling (Tilman et al., 1997) , as well greater temporal stability of productivity (Isbell et al., 2009) . Regarding maintenance of soil cover, however, many ecological sites, by their inherent plant-soilclimate relationships, exhibit high amounts of bare ground, even in grazing-resistant grazing lands (e.g., . Moreover, high amounts (25−50%) of bare ground are necessary for some grassland bird species Schroeder, 1985) . Collectively, spatiotemporal linkages of soil processes and management that emphasize heterogeneity of disturbance and conservation of pattern (Fuhlendorf et al., 2012) should challenge the applicability of soil health principles to grazing lands.
The soil health renaissance for grazing lands is tempered by limited scientific evidence, especially on rangelands (Brown and Herrick, 2016) , illustrating positive feedbacks between soil health and grazing land resilience, or sustainability. A body of knowledge on soil health does exist from other agroecosystems over the past 2 decades (e.g., Arias et al., 2005; Doran and Jones, 1996; Jordan et al., 1995; Karlen et al., 1997; Trivedi et al., 2016) , but these systems have been substantially altered in structure and function through prior repeated tillage. Linkages have been determined among soil microbial biomass, respiration, and decomposition and plant species diversity on grazing lands (Bardgett and Shine, 1999; Stephan et al., 2000; van der Heijden et al., 2008) , but illustrations of how these plant-soil interactions improve grazing land function, resilience, and sustainability are rare. Opportunities for direct soil health improvements on pasture systems are likely constrained to intensively managed plant communities in pastures and formerly cultivated or degraded lands (e.g., Machmuller et al., 2015; Weinhold et al., 2004) . This distinction within grazing lands regarding differential capacity between rangeland ecosystems and managed pasture systems regarding improvements to soil health is an important one for land managers, extension professionals, and scientists.
With renewed national interests in policy and planning for soil health in agricultural systems, the goal of this paper is to provide direction and recommendations for grazing lands' soil health efforts. Here, we argue that the current soil health renaissance is an opportunity not to focus on improvement of soil health on lands where potential is limited but rather to forward science-based management on grazing lands via 1) refocusing grazing management on fundamental ecological processes (water and nutrient cycling and energy flow) rather than maximum short-term profit or livestock production; 2) emphasizing goalbased management with adaptive decision making informed by specific objectives incorporating maintenance of soil health at a minimum and directly relevant monitoring attributes; 3) advancing holistic and integrated approaches for soil health that highlight social-ecologicaleconomic interdependencies of these systems, with particular emphasis on human dimensions; 4) building cross-institutional partnerships on grazing lands' soil health to enhance technical capacities of students, land managers, and natural resource professionals; and 5) creating a cross-region, living laboratory network of case studies involving producers using soil health as part of their grazing land management. Explicitly incorporating soil health into grazing management and the matrix of ecosystems services provided by grazing lands provides transformational opportunities by building tangible links between natural resources stewardship and sustainable grazing management (e.g., Brown and Herrick, 2016) , as well as providing paths to reach broader audiences and enhance communications among producers, customers, and the general public ( Fig. 1 ).
Refocus Grazing Management from Practices to Ecological Processes
Ecoregional differences across grazing lands in the United States influence types of forage species, plant growth patterns, scale of operation, and management practices such as stocking rate and type of grazing system (Roche et al., 2015) . A primary management issue for both extensively managed rangelands and intensively managed pasture systems is overcoming the temptation to rely on a prescriptive practice (e.g., "one size fits all") or set of practices rather than to incorporate fundamentals of ecological processes within the existing spatiotemporal heterogeneity and complexity of ecosystems (Boyd and Svejcar, 2009; Derner et al., 2009; Fuhlendorf and Engle, 2001; Fynn, 2012) . For example, the 1985 Farm Bill legislation substantially increased conservation funding for NRCS (Monke and Johnson, 2010) and accelerated producer deployment of prescriptive rotational grazing strategies through costsharing facilitating practices of cross-fencing and water development. However, these practices, in and of themselves, are not likely to be Table 1 Commonly measured soil health indicators adapted from cropland and forest systems (adapted from Doran and Jones, 1996; Arias et al., 2005; Zornoza et al., 2015 effective outside of an adaptive management context (Briske et al., 2011) . Thus, there is an emergent need to refocus management, education, and technical assistance on fundamental ecological processes (water and nutrient cycling and energy flow), especially within the complex plant-soil-grazing animal-human system (Boyd and Svejcar, 2009) . For example, the connection of underlying drivers to management outcomes through ecologically based invasive-plant management (Sheley et al., 2010) has transformed modern approaches to natural resource problems. The current soil health renaissance provides an opportunity to investigate connections of rangeland health indicators (Table 2) to soil health and to expand use of soil health indicators on pastures (Table 3) . Rangelands lag considerably behind croplands for development of process-based, management-scale soil health indicators (e.g., Bezdicek et al., 1996; Brown and Herrick, 2016; Derner et al., 2016) . The rangeland health assessment protocol (Pellant et al., 2005; Pyke et al., 2002) includes soil health indicators integrated to hydrologic function and plant community attributes that help evaluate rangeland function based on ecological processes (Printz et al., 2014 , see Table 2 ), but scales of these indicators are not congruent with ranchscale objectives. Development of standard place-based references or baselines for grazing land soils would create a more consistent approach for quantitative assessments of the influence of ecological processes on the connections among management, soil health, and ecosystem services (Brown and Herrick, 2016) . However, we caution that plantbased indicators of soil health can be temporally disjunct with changes in soil properties and there are complexities with scaling up place-based assessments in highly spatiotemporally variable grazing lands.
Integrating Soil Health Into Goal-Based Adaptive Management
Adaptive management-an ongoing process of strategic planning and goal setting, design and implementation, resource monitoring, and frequent evaluation of management success-can provide feedback of information between decision making and desired outcomes and facilitate management-science partnerships (Wilmer et al. in press) . Rather than implement management prescriptions, producerdetermined goals would direct grazing management decisions within the context of 1) local understanding of variability and spatiotemporal patterns of historic drivers (Fuhlendorf and Engle, 2001; Fynn, 2012) ; 2) management experience and capacity, including skills, knowledge, structural and natural resource availability, learning, and flexibility (Roche et al., 2015) ; and 3) changing operational constraints of the ranch enterprise (Budd and Thorpe, 2009; Kachergis et al., 2014) . The focus would then be to integrate soil health into grazing management decision making within the contemporary paradigm of rangeland management, which emphasizes conservation of pattern and process (Fuhlendorf et al., 2012) . For example, the Collaborative Adaptive Rangeland Management (CARM) project uses a suite of socialecological monitoring indicators to enhance decision making and data-driven management via a participatory approach (Wilmer et al. in press ). Monitoring information from soil health indicators, as well as vegetation, livestock, and wildlife habitat data, is used by the CARM Stakeholder Group to adjust interannual and intra-annual decision making related to grazing sequences, stocking rate, pasture rest, and incorporation of prescribed burns.
Assessing the difficulty and uncertainty associated with modifying ecological processes to achieve desired goals sets adaptive management apart from the more typical static implementation of prescribed management practices, which assumes the practices, when properly implemented, attain desired outcomes. Monitoring is vital to adaptive management by incorporating appropriate metrics for assessments of management and weather and climate influences on attaining desired goals. Using adaptive management to achieve soil health goals a priori rather than relying on ex post facto decisions can provide more insightful discussions concerning contingencies associated with ecological processes. Recognizing that there are different types of monitoring indicators (drivers, short-, intermediate-and long-term responses, Herrick et al., 2012) , it is important to correctly develop and use soil health monitoring metrics to provide essential information to producers regarding accomplishment of desired goals.
From Financial Incentives to Participation: The Human Dimension
Financial incentives encouraging conservation efforts from producers on private grazing lands have been included in recent conservation programs (e.g., Environmental Quality Incentives Program and Conservation Stewardship Program, CSP). Payments for beneficial management practices can help producers overcome financial barriers; however, these barriers to practice adoption may be overstated (Prager and Posthumus, 2010; Reimer and Prokopy, 2014; Sorice and Donlan, 2015) . Research findings from other fields (e.g., conservation, education, human health, workplace) concur that external rewards such as incentive payments can reduce intrinsic motivations (Gneezy and Fessler, 2011; Rode et al., 2015) .
How, then, does a shift in focus occur from programs that emphasize financial incentives to more broadly encouraging producer participation in conservation efforts associated with incorporating soil health into grazing management for grazing lands? One suggestion is a "humancentered design" approach whereby programs addressing 1) maintenance of soil health on natural grazing lands and 2) increasing soil health where potential improvements are likely such as intensively managed plant communities in pastures, as well as formerly cultivated or degraded lands, are explicitly tailored to the needs of the target audience via social science research (Sorice and Donlan, 2015) . A humancentered approach to conservation emphasizing soil health in grazing management decision making would seek to develop programs that private lands producers are drawn to because they need or want them rather than being primarily attracted due to financial incentives. Thus, the transformational shift involving soil health as a conservation focus for grazing management on grazing lands should be fostering individual and societal norms that encourage stewardship of natural resources and sustainable behavior (e.g., Leopold land ethic, Leopold, 2014) . Prior underuse of social science in conservation has likely limited our understanding of conservation behavior and how to establish sustainable norms in agriculture (Bennett, 2016) .
Building Cross-Institutional Partnerships
Emphasizing soil health in educational efforts as an integrator of the effects of management decisions for grazing lands' resilience provides an opportunity to strengthen and prioritize soil science within range, forage, and natural resource − related university degree programs. Soils are frequently undervalued by students seeking traditional production-oriented degrees; the integrative nature of soil health may help students better comprehend and appreciate the critical role soils play in grazing lands. Furthermore, the concept of soil health has direct links to sustainability (Lehman et al., 2016; Scoones, 2016) , a topic very much in the mind of today's students, with international relevance and broad land management applicability (Doran, 2002) . As such, soil health may offer an opportunity to attract and recruit students with diverse backgrounds to otherwise often shrinking traditional degree programs, and it may help stimulate the creation of innovative and integrative skills-based curricula.
Developing management-relevant and timely soil health information will require multidirectional knowledge exchange, rather than the traditional, one-way technology transfer (i.e., technical service provider to producer, the "loading dock") (Andrews et al., 2003) . Soil health efforts that integrate participatory and stakeholder-engaged approaches better align research with on-the-ground management challenges, ensuring the relevance of the work, as well as improving outcomes and policy impacts (Roche et al., 2015) . Communications with producers on incorporating soil health into grazing management considerations on grazing lands should focus on technical services Visual estimates of degree of sheet, rill, wind, gully, streambank, and shoreline erosion linking ecological processes to management to address natural resource problems (see earlier), which will necessitate a multipronged, crossinstitutional approach. Technical services should be integrated, combining science-based information and experiential knowledge to bridge management-science gaps.
Living Laboratory Network of Case Studies
Although soil health indicators for grazing lands are still in the developmental stage (see earlier), proactive establishment of a "living laboratory" network of case studies from producers engaged in incorporating soil health into grazing management considerations on grazing lands would foster 1) participatory research opportunities for producers; 2) use of citizen science in grazing lands management and research (Sayre et al., 2012) ; 3) integration of management and research for successful adaptive decision making (Reever Morghan et al., 2006) ; 4) creation of multi-institutional partnerships that would address contemporary production-conservation issues for grazing lands (Briske et al., 2011) ; and 5) cross-scale and cross-regional databases that would eventually support assessments of the efficacy of incorporating soil health into grazing management considerations on grazing lands, which would complement existing regional/national assessments (e.g., NRCS-National Resources Inventory data, Herrick et al., 2010) . Rather than a traditional brick and mortar building where laboratory studies are conducted under controlled conditions, a soil health "living laboratory" would incorporate 1) case studies of observational, fieldbased implementation of management strategies under real-world environmental variability; 2) participatory, grass-roots efforts led by producers incorporating adaptive management at locally relevant scales to achieve desired goals; and 3) peer learning opportunities among producers facing similar ecological, economic, and social constraints.
A "living laboratory" network could operate within the framework of volunteer participation of producers that have existing NRCS conservation program contracts in addition to other producer-led groups (e.g., South Dakota Soil Health Coalition), local-, state-and nationallevel commodity organizations (e.g., grazing associations, Soil and Water Conservation Districts, Resource Conservation Districts, livestock associations, and the National Grazing Lands Coalition) and through conservation and environmental organizations (e.g., Environmental Defense Fund, The Nature Conservancy, Noble Foundation). For example, there were 19 830 producers enrolled in grazing-related CSP contracts between (Environmental Working Group, 2017 . The formation of a "living laboratory" network for soil health would complement the existing National Conservation Planning Partnership that was created in 2015 by five national conservation partners as a result of the renewed recognition of the critical role that conservation planning plays in advancing conservation efforts on private lands. Further, case studies from "living laboratories" could be used in training courses in grazing management, conservation planning on grazing lands, vegetation monitoring, and data evaluation for adaptive management. Current societal interest in soil health and the development of a Soil Health Division and associated personnel within NRCS provides the opportunity to assess and evaluate grazing management strategies adopted for the purpose of maintaining soil health in natural grazing lands through conservation programs or potentially improving soil health on intensively managed plant communities in pastures and previously cultivated or degraded lands (Derner et al., 2016) .
Conclusions
Incorporating soil health into the matrix of ecosystem goods and services from grazing lands can foster transformational changes by strengthening the link between natural resources stewardship and sustainable grazing lands management. The current soil health renaissance offers the transformational opportunity for a next-generation approach to science-based grazing lands management through explicit use of relevant monitoring data in adaptive decision making. Rather than conventional approaches for grazing lands management in which prescriptive practices are implemented with assumed benefits or outcomes, adaptive management incorporates fundamentals of ecological processes within the context of ecosystem complexity through the use of feedback (learning) loops. Integrated decision making associated with vegetation-soil-livestock ecological processes highlights socialecological-economic interdependencies of these systems. Further, an emphasis on human dimensions fosters individual and societal norms that encourage behavior by producers as a conservation focus for sustainable grazing lands management. We note, however, that current soil health renaissance is an opportunity not to focus on improvement of soil health on lands where potential is limited but rather to forward science-based management for improving grazing lands' resilience to environmental change and sustainability.
A similar transformational change for agencies-from focusing on programs to provision of technical services-is possible with the renaissance of soil health and renewed commitments to science-management intercommunication through cross-institutional partnerships. As such, soil health offers an opportunity to attract and recruit people with diverse backgrounds from innovative and integrative skills-based curricula. Benefits abound from resultant cross-cultural conversations and cross-institutional partnerships among universities, Cooperative Extension Services, natural resource agencies, environmental nongovernmental organizations, private industry, and the agricultural community. In addition, moving from the traditional, one-way technology transfer to more collaborative frameworks of multidirectional knowledge exchange, as well as the rise of participatory and stakeholder-engaged approaches, better align research with on-theground management challenges of producers. A soil health "living laboratory" network of case studies from producers enrolled in grazing lands conservation programs provides a tangible example of connecting management via ecological processes associated with incorporating soil health into grazing management from concept to implementation. Collectively, these efforts could foster transformational changes by strengthening the link between natural resources stewardship and sustainable grazing lands management through management-science partnerships in a social-ecological systems framework.
